In this review, we first analyzed the current status of cholinergic anti-inflammatory pathway and then put forward a novel regulatory machinery-pulmonary parasympathetic inflammatory reflex, which is composed by lung vagal sensors at afferent arm, a7 nAChR (a7 nicotinic acetylcholine receptors)-expressing cells at efferent arm and the brain information integrating center. This modulatory circuit might loop the lungs, immune and nervous systems and play a very important role in regulating lung infection, inflammation and immunity through the neural innervations and signals when the lungs encounter pathogenic challenges.
Introduction
Since the cholinergic anti-inflammatory pathway (CAP, also called inflammatory reflex) was termed by Kevin Tracey a decade ago, 1 much work has been done regarding how the parasympathetic, especially vagus nerve-mediated inflammatory reflex regulates innate immune responses to injury, pathogens and tissue ischemia. The neuroimmune interplay provides the host with a fast, discrete and localized means of controlling the immune response. 1 This review will briefly introduce the basic formation of pulmonary parasympathetic inflammatory reflex and its regulatory function on lung infection, inflammation and immunity.
The current status of cholinergic anti-inflammatory pathway
The remarkable discovery regarding inflammatory reflex is that proinflammatory cells, especially macrophages express a7 nAChR that are commonly expressed by neurons. 2 Moreover, electric stimulation of vagus nerve can trigger release of acetylcholine (ACh), which can activate a7 nAChR in the macrophages and therefore suppress activation of NF-kB and dampen proinflammatory cytokine production. 3 Studies further revealed that the spleen plays an important role in mediating anti-inflammatory activity of vagus nerve. 4, 5 More importantly, Tracey group set forth a new working model for CAP regarding the role of spleen. 6 The main conception is that vagal outflow at splenic nerve terminus releases adrenergic agonist-norepinephrine that could activate b2 adrenergic receptors on splenic CD4 + CD44 high CD62L low T lymphocytes that contain choline acetyltransferase (CHAT). These unique T lymphocytes synthesize ACh that could act on a7 nAChR-expressing splenic macrophages and suppress NF-kB activity. 6 As such, this theory can be used to interpret the modulatory effects of CAP on proinflammatory responses at systemic levels. We reported that dysfunction of cholinergic signaling in the splenocytes might be associated with postoperative cognitive decline under metabolic syndrome. 7 However, this theory is challenged by a recent study that vagal efferent neurons in a rat model neither synapse with splenic sympathetic neurons nor drive their ongoing activity. 8 Thus, it is imperative to rethink the current CAP working model, 9 especially regulatory effects of pulmonary parasympathetic (vagal) inflammatory reflex during lung infection, inflammation and immunity.
Possibility of existence of pulmonary parasympathetic inflammatory reflex
The vagus nerve is the 10th cranial nerve and contains sensory (afferent) and motor (efferent) fibers. 10 Both right and left vagus nerves descend from the brain in the carotid sheath, lateral to the carotid artery and then innervate the lungs. Electrical microscopy has shown that vagus nerve fibers were present in the human lung, especially in the alveoli. 11, 12 Interestingly, inflammatory responses of the lungs vary when the pathogenic challenges were stimulated systemically or locally. In an endotoxemia mouse model (systemic challenge), activation of a7 nAChR by vagus nerve stimulation reduced the levels of TNF-a in the plasma, liver and spleen, but not in the lung. 4 However, in an acute lung injury model (local challenge), expression of a7 nAChR in alveolar macrophages and neutrophils was increased. Administration of a7 nAChR agonists could inhibit NF-kB activity in the BAL (bronchoalveolar lavage) proinflammatory cells and reduce both TNF-a and MIP-2 levels in the airspaces of the lung. Vagotomy and deficiency of a7 nAChR reversed the above mentioned pathological processes. 13, 14 These findings indicate a vagal inflammatory circuit may exist between the lung and nervous system and exert modulatory effects on lung infection and immunity.
The afferent arm of pulmonary parasympathetic inflammatory reflex
The vagal nerve endings innervate the distal airways or alveolar epithelia 11, 12 and express variety of receptors that can sense mechanical, chemical, biological and other stimuli and convey the signaling through the afferent vagal nerve to the center of brain (e.g. NTS, nucleus tractus solitorius). 15 For example, vagal C-fiber receptors can sense mechanical and chemical irritant stimuli. 16 These vagal nociceptors can also be activated by proinflammatory cytokines and therefore transmit immune signals from the lung to the brain. 17 Vagal afferent nerve endings express ion channel-transient potential channels, 18 which can detect the pungent odor, hot sensations and ion changes. Toll-like receptors 2, 3, 4 and 7 are expressed in the nerve endings or airway epithelial cells, 19 that can respond to bacterial and viral pathogens. In addition, pulmonary sensory neurons and epithelial cells are reported to express inflammatory cytokine receptors (e.g. TNF-a receptor) 20, 21 which may be the components of vagal afferent arm of pulmonary vagal inflammatory reflex. Furthermore, bacteria and their products could activate sensory neurons and modulate inflammation that supports the role of nervous system in host-pathogen interactions. 22 The efferent arm of pulmonary parasympathetic inflammatory reflex Chemical, mechanical or biological stimuli can directly cause damage of lung alveolar epithelial cells. Proinflammatory cytokines that are secreted by alveolar macrophages and infiltrated proinflammatory cells (e.g. monocytes and neutrophils) also contribute to proinflammatory cascades and further lung injury. Alveolar macrophages, epithelial cells and inflammatory infiltrated neutrophils express a7 nAChR and could be the players at efferent arm of pulmonary parasympathetic inflammatory reflex. 13, 14 Pulmonary vagal nerve endings innervate lungs and secrete ACh that could activate a7 nAChR-expressing proinflammatory cells at the efferent arm of lung vagal inflammatory reflex, suppress NF-kB activation and secretion of proinflammatory cytokines therefore lessen the extent of lung inflammation and injury. This notion has been strongly supported by the studies that in acid, LPS and Escherichia Coli-induced acute lung injury mouse models (by sensing chemical and biological stimuli), activation of a7 nAChR by its agonists could attenuate, on the contrary, vagotomy and deficiency of a7 nAChR deteriorate the degree of lung injury. 13, 14 In a ventilator-induced lung injury mouse model (by sensing mechanical stretch), vagotomy worsens proinflammatory responses in the lung. 23 
Brain center of pulmonary parasympathetic inflammatory reflex
It is assumed that vagal sensors recognize local proinflammatory cytokines or other mediators and then transmit the information to brain center. The information is further processed in the brain, and reflexively acts through the vagal efferent to suppress proinflammatory cytokine production of inflammatory cells through release of ACh and activation of a7 nAChR. 24 Anatomically, vagus afferent fibers reside in the nodose ganglion and terminate primarily within the dorsal vagal complex (DVC) of the medulla oblongata. The DVC consists of the NTS, the dorsal motor nucleus of the vagus (DMN) and the area postrema. 25 Stimulation of capsaicin-sensitive vagal afferents could alter c-fos expression in the NTS in a mouse model if inoculated with bacteria, 26 suggesting that NTS might be the center at brain that could integrate the information from the vagal sensory fibers, but this hypothesis requires further study.
Sources and metabolism of ACh in the lung
Airway epithelia and periepithelial tissue are vagally innervated. 11, 12 Classically, vagal nerve endings can directly release ACh upon inflammatory stimulation. During lung viral infection and inflammation, CHAT mRNA is upregulated in the lung that could promote alternative synthesis of ACh in an a7 nAChR-dependent manner (Su X, et al. unpublished data). These results indicate that vagal nerve endingsreleased ACh might trigger synthesis and secretion of ACh by the lung cells (possibly epithelial cells or neuroendocrine cells). This positive feedback between ACh and its receptor maintains a constant generation of ACh in the alveoli, which can inhibit NF-kB activity in the a7 nAChR-expressing alveolar macrophages and infiltrated proinflammatory cells and therefore dampen lung inflammation and injury. 27 Due to the rapid hydrolysis of ACh (half-life, 2 min), measurement of the concentration of ACh in the BAL requires prevention of ACh hydrolysis and advanced techniques (e.g. high performance liquid chromatography). Indirect way to evaluate ACh is through measuring AChE activity and choline (a metabolite of ACh) levels. Study has shown that AChE activity in proinflammatory cells and BAL choline concentration were markedly increased in the E. coli pneumonia mice compared with normal mice. 13 Taken together, vagus nerve, lung epithelial cells and BAL proinflammatory cells may collaboratively participate in the synthesis and hydrolysis of ACh during lung infection and inflammation.
Responses of pulmonary parasympathetic inflammatory reflex to different pathogens
The regulatory effects of pulmonary parasympathetic inflammatory reflex on lung infection and immunity are pattern recognition receptors dependent. Gram-positive bacterial infection can be recognized by TLR2. Activation of a7 nAChR by nicotine increased Streptococcus Pneumoniae-induced lung infection and lung inflammation. 28 TLR4 is the receptor of endotoxin, a component of Gram-negative bacteria. Activation of a7 nAChR by nicotine reduces mortality of E. coli pneumonia; on the contrary, cervical vagotomy and a7 nAChR deficiency increases mortality of E. coli pneumonia.
14 In addition, TLR3, TLR7 and MAVS-RIG-I systems play key roles in mediating influenza viral lung infection and inflammation. 29 In vitro experiments have shown that in the lung epithelial cells, activation of a7 nAChR promotes influenza viral replication. Deficiency of a7 nAChR protects mice from influenza virus-induced lung infection and inflammation (Su X, et al. unpublished data). Thus, pulmonary parasympathetic (vagal) inflammatory reflex is functionally versatile in response to the challenges of different pathogens.
Perspectives and conclusion
The interaction between nervous and immune systems has been studied for many years, but there are many key scientific questions we cannot answer. Particularly, we need to understand how vagus nerve terminals sense the invading pathogens, how the infection signals transmit to the brain center and how the brain responds to infection and regulates the immune cells to eliminate pathogens. There is more work to do; nevertheless, this study supports the view that pulmonary parasympathetic inflammatory reflex might be present and function as a requisite regulator for lung infection, inflammation and immunity. 
